Summary Nitrogen (N) fertilization causes long-term increases in biomass production in many N-limited forests around the world, but the mechanistic basis underlying the increase is often unclear. One possibility, especially in summer-dry climates, is that N fertilization increases the efficiency with which a finite water supply is consumed to support photosynthesis. This increase is achieved by a reduction in the canopy-integrated concentration of internal CO 2 and thus discrimination against 13 C. We used stable isotopes of carbon (d 13 C) in tree rings to experimentally test the physiological impact of N fertilization on mature Douglas-fir (Pseudotsuga menziesii Franco var. glauca) stands across the geographic extent of the Intermountain West, USA. The concentration and the stable isotopes of N (d 15 N) in tree rings were also used to assess the presence and activity of fertilizer N. We hypothesized that N fertilization would (i) increase d 15 N and N concentration of stemwood relative to non-fertilized stands and (ii) increase stemwood d 13 C as photosynthetic gas exchange responded to the additional N. This experiment included two rates of urea addition, 178 kg ha À1 (low) and 357 kg ha À1 (high), which were applied twice over a 6-year interval bracketed by the 18 years of wood production measured in this study. Foliar N concentrations measured the year after each fertilization treatment suggest that the fertilizer N had been assimilated by the trees (P < 0.001). The N fertilization significantly enriched stemwood d 15 N by 1.3& at the low fertilization rate and by 2.4& at the high rate (P < 0.001) despite variation in soil N between sites. However, we found no significant effect of the N fertilizer on d
Introduction
Nitrogen (N) fertilizers have long been used to increase the biomass production within terrestrial ecosystems. For example, Douglas-fir forests across the Interior northwest, USA responded to N fertilization with long-term increases in stemwood production, leaf area index (LAI) and intercepted light (Mika and Vanderploeg 1991, Balster and Marshall 2000) . Despite these structural changes, physiological response often varies in space and time, and changes can diminish while the tree adjusts. Explaining this long-term response to N fertilization requires controlled experiments that incorporate mechanistic indicators, such as the stable isotopes of carbon (C) and nitrogen (N), to capture the spatial and temporal interactions between N cycling and primary productivity via canopy gas exchange.
Nitrogen fertilization has been shown to elevate the net photosynthesis and to stimulate the growth of trees (Gebauer and Schulze 1991) . However, this elevation is reduced over time due to negative feedbacks, including biochemical (e.g., down-regulation), structural (e.g., selfshading) and environmental (e.g., moisture availability) (Choi et al. 2005a ). For example, additional N may stimulate the demand for CO 2 by carboxylation (A) in excess of its supply via stomatal conductance (g s ), especially in waterlimited environments. Thus, time-integrated measures of these relationships are needed to assess the long-term response to N fertilization. One such measure is the relative abundance of 13 C and 12 C in the plant tissue (d 13 C p ) via its mechanistic link to gas exchange:
where C i and C a represent the substomatal and ambient [CO 2 ], respectively, while subscript 'p' refers to plant tissue and subscript 'a' refers to source air (Farquhar et al. 1982) . The variables a and b describe the discriminations against
13
C from diffusion through the stomata ($ 4.4&) and carboxylation ($ 27&), respectively. As C i declines, the ratio of the net photosynthesis to stomatal conductance increases. Given a similar atmospheric humidity and temperature, a tree with lower C i would conduct more photosynthesis per unit water loss. Such an increase might be especially important where summers are dry and growth depends on the efficient use of water stored in the soil.
Similar to d 13 C p , the isotopic signature of plant N (d 15 N) integrates external and internal shifts in N cycling and could be particularly helpful in understanding the tree response to N fertilization Handley 2000, Choi et al. 2005a ). Interpretation of the plant d
15
N signal is complicated by the multiple fractionation events occurring at various points in the N cycle. This is further complicated by the small size of available nitrogen pools, the lack of accepted techniques to measure them quantitatively and, once they are in the plant, their mobility (Evans 2001 , Robinson 2001 . Nonetheless, several studies have shown shifts in d 15 N induced by fertilization (Ho¨gberg et al. 1992 , Choi et al. 2005a , Elhani et al. 2005 .
The isotopic record in annual growth rings provides an integrated, datable archive of the tree's physiological status at a point in time. Indeed, cellulose d 13 C in tree rings has been used to quantify environmental perturbations across a range of ecosystems (Martin and Sutherland 1990 , Elhani et al. 2005 , Choi et al. 2007 ). However, as other environmental variables (e.g., pollution and drought stress) can also modify stemwood d 13 C (McNulty and Swank 1995, Sakata et al. 2001) , we hoped that the coupling carbon and nitrogen isotopes would help to distinguish the fertilization effect from other sources of variation in the region under study. One concern about this approach is the documented mobility of N across tree rings in the years after the wood is produced (Bukata and Kyser 2005) . However, to date, few studies have combined stemwood d 15 N and d
13
C to assess the physiological change to N fertilization (Hart and Classen 2003, Choi et al. 2005b) , and to our knowledge, none has characterized such a large geographic region.
In this study, we used the variation in d
15
N and d
13
C measured in triads (three-ring groups) of annual rings of Douglas-fir (Pseudotsuga menziesii Franco var. glauca) stands growing across the Interior northwest, USA to experimentally test the following long-term (18 years) hypotheses: (i) N fertilization would increase stemwood d 13 C for several years after fertilization as photosynthetic gas exchange responded to the additional N across the region and (ii) N fertilization would increase stemwood d 15 N and N concentration for several years after fertilization, where the increases would be expressed relative to the controls in non-fertilized stands. The data were collected from an existing region-wide forest fertilization experiment.
Methods and materials

Study sites
This study used a regional experiment established in 1980 by the Intermountain Forest Tree Nutrition Cooperative (IFTNC) at the University of Idaho. This experiment was designed to quantify the long-term changes in stemwood volume production following the fertilization across the Interior northwest (Moore et al. 1994) . The sites were randomly chosen from stands dominated by Douglas-fir and occurring on lands owned by the co-operators. Of the 290 research sites established by the co-operative, a subset of 24 were randomly chosen to test the hypotheses outlined in this study. The 24 sites were distributed from the eastern slopes of the Cascade Mountains in Washington to the western slopes of the Rocky Mountains in Montana and from the Canadian border to the North to the Snake River plain in Southern Idaho (Figure 1 ). All sites occurred at a mean altitude of 1271 m (SE = 74) and had a similar mean density and basal area of trees. All experienced the summer drought typical of the region, which extends roughly from the beginning of July until the end of September (Finklin 1983) .
Each of the 24 sites included three 400-m 2 plots (two fertilized and one control) with a 6.5-m perimeter buffer; thus, 72 individual forest stands (plots) were included in this study. The stands were dominated by second-growth, evenaged Douglas-fir mono-cultures with a moderate herbaceous Figure 1 . Map of study region and site locations across the Interior northwest, USA. Each of the 24 sites includes three 400 m 2 stands: two fertilized (high and low) and one control. These sites were randomly chosen from 290 long-term research sites across the region established by the IFTNC at the University of Idaho.
layer and sparse understory. Stands were either naturally well spaced or thinned 7-12 years before fertilization; LAI was $ 3.6 m 2 m À2 at the time of fertilization (data not presented . Six years later, the two fertilized stands received another pulse of N (urea) (in 1987 or 1988) with 178 kg N ha 
Foliar analysis
One year following the first fertilization treatment, needle samples were collected from two randomly chosen dominant trees from each stand in early fall. Current year needles were taken from the upper crown off the third whorl. All samples were analyzed by the IFTNC for N concentration [N] using kjeldahl digestion (TKN), and were reported as %N on a dry weight basis (g g À1 ) (Horneck and Miller 1998) . The average dry weight (mg) per needle was assessed on two trees per stand. Foliar N analysis was also performed 1 year following the second fertilization treatment. The needle samples were assumed to describe the changes in N status of the entire canopy (Sheriff et al. 1986 ).
Tree-ring sampling
We collected increment cores (4.3 mm diameter) from the five dominant trees closest to the plot center. The cores were collected in the summer of 1995; 360 individual wood cores (120 per treatment) represented the entire study area (Figure 1 ). All cores were carefully removed at 1.3 m above the ground level from the south side of each tree to avoid longitudinal isotopic gradients and circumferential variation, respectively (Leavitt and Long 1991) . As the variability among the trees is typically greater than that within rings (Treydte et al. 2001) , ring increments from all five trees per stand were pooled. The juvenile effect was avoided as all sample rings were produced when the trees were > 60-years-old (Francey and Farquhar 1982) .
The annual rings of each wood core were absolutely dated (Cutter and Guyette 1993) and then split into several triads (three-ring sections) with a stainless steel razor and dissecting scope. No false rings were observed. The rings were then bulked into six triads from the innermost rings closest to the pith (triad #1) to the outermost rings closest to the bark (triad #6; Table 2 ). The triads comprised annual rings laid down from 1976 (5-6 years before the first fertilization) until 1994 (6-7 years after the final treatment). Two ring subdivisions comprised four annual rings, which was necessary for consistency in the analysis. To simplify the presentation, they will nonetheless be referred to as a Table 2 . Years represented in each tree-ring triad. Triads were offset 1 year to ensure fertilization was captured within the same triad regardless of the timing of application. Note that triad #1 in group two and triad #6 in group one each consisted of four annual rings; these subdivisions are also referred to as triads in this study. 1976 -1978 1976 -1979 2 1979 1980 -1982 *(First pulse) 3 1982 -1984 1983 -1985 4 1985 -1987 *(Second pulse) 5 1988 -1990 1989 6 1991 FERTILIZATION EFFECT OF STEMWOOD d TREE PHYSIOLOGY ONLINE at http://www.treephys.oxfordjournals.org triad in this study. We chose this method to reduce sample size, to provide sufficient material for stable isotope analysis and to ensure that the fertilized rings would be included within similar ring subdivisions. For example, in triad #2, which represents the first fertilization event, the last annual ring of the three was produced during the year of fertilization for both stand grouping (1981 and 1982) . We knew in advance that the growth increase lasted for at least 8 years after the fertilization (Balster and Marshall 2000) , so we were not concerned about missing the fertilizer response. This sampling protocol may have damped the initial response of fertilization by combining it with the years before the event. After the rings were bulked, each triad was dried to a constant mass for 48 h at 60°C and then finely ground in a Wiley mill (60 mesh) for carbon isotope analysis.
Carbon and nitrogen isotopes analysis
Analyses of C isotopes in stemwood were performed on holocellulose extracted according to the procedures of Leavitt and Danzer (1992) using non-polar and polar solvent mixtures in a soxhlet apparatus followed by bleaching of the extracted residue. Holocellulose was used because there is evidence that it differs from whole wood Long 1986, Marshall and Monserud 1996) . More importantly, holocellulose is relatively immobile (i.e., unambiguously identified to a specific growth period), and it is uniform in chemical composition eliminating variation due to proportional difference in C compounds (i.e., lignin:cellulose) (Sheu and Chiu 1995) . Thus, this extraction removed the majority of C deposited in the years after the annual ring was first formed and retained only the carbon deposited in the year of ring formation. Twelve of the 24 sites were randomly chosen for analyses of the stable isotopes ( 14 N and 15 N) of N. Only half the original sites were analyzed to reduce expense. Whole wood, not holocellulose, was analyzed from each triad. The sample was dried to a constant weight and then pulverized using a ball-bearing rotary shaker. A preliminary N analysis revealed that large sample weights of stemwood (! 30 mg) were required to produce maximum peak heights (> 300 mV) and peak areas (> 6 V s) for precise measurements.
Standard methods were used for isotopic analysis. Following the holocellulose extraction, the C isotopes were determined using a continuous-flow, isotope ratio mass spectrometer (Europa Scientific Ltd., Cheshire, UK) coupled to a CN analyzer at the University of Waikato (Hamilton, New Zealand). Similarly, annual ring total [N] (mg mg
À1
) and d 15 N were measured on an automated elemental analyzer (Carlo Erba CHN 2400; EA) coupled to an isotope ratio mass spectrometer (Finnigan MAT Delta-plus; MS) at the University of Idaho.
All isotopic measurements were expressed using delta (d) notation in parts per thousand (&) relative to the molar abundance ratio of PeeDee Belemnite (PDB) and atmospheric N 2 for C and N, respectively. Natural abundances of 13 C and 15 N were calculated as
where R is the ratio of 13 C/ 12 C or 15 N/ 14 N in the sample and standard, respectively. Annual rings containing more of the heavy isotope are described as enriched, whereas ones containing less of the heavy isotope are described as depleted. Ten repeated measurements of d 13 C from both known and unknown samples varied by < 0.2& (standard deviation), while the analytical precision of N from repeated measurements (n = 10) was ± 0.01% for [N] and ± 0.2& for d 15 N. We assumed that the urea fertilizer was similar in isotopic composition to atmospheric N 2 at the time of application (Kohl et al. 1973 ).
Statistical analysis
Dated tree-ring triads were bulked over five trees from each stand; these bulked samples served as the units of observation in this study such that each site (block) consisted of one high-fertilized, one low-fertilized and one adjacent control stand. The triads represent six specific points in the preand post-fertilization periods ( Table 2 ). The experiment followed a split-plot design with blocks consisting of sites, nitrogen level as the whole-plot treatment and triad as the sub-plot treatment. A preliminary analysis confirmed that this (compound symmetry) model would adequately account for the correlations among triads. Accordingly, data were analyzed (SAS, Proc Mixed) using a mixedeffects model, with fixed effects for site, treatment, triad and triad by treatment interaction; dependent variables included foliar weight and [N], as well as stemwood d (Table 3) . Random effects consisted of the plot-level error and the triad-level error. Mean differences in foliar weight, %N and N content were analyzed using a one-way analysis of variance and linear regression. All effects were considered significant at P < 0.05, and all interactions were tested for significance.
Results
Nitrogen fertilization significantly increased the N status of the current year needles following the first and the second fertilization treatments (Table 4 ). Average needle [N] (% of dry wt.) increased significantly following the first N fertilization event from 1.07% in the control to 1.33% and 1.73% in the low and high treatments, respectively (P < 0.001). A significant, but a smaller, increase in needle [N] was measured 1 year after the second pulse of N fertilization in both treatments relative to the control (P < 0.01). As expected, there was no difference in foliar [N] between the 'low' and the 'high' fertilization stands after this second pulse because both were fertilized at the same rate (P = 0.71).
The first fertilization event also induced a significant increase in needle weight 1 year after treatment on both the low (6.60 mg needle
À1
) and the high (6.82 mg needle (Table 4 ; P < 0.01). This difference was no longer evident 1 year following the second fertilization event (P = 0.28). Foliar N content (lg N needle
) combined the effects of increased concentration and needle size to yield highly significant differences (P < 0.001) 1 year following the first fertilization event; the N content increased by 42% and 88% relative to the controls on the low and the high treatments, respectively. This difference between the 'low' and the 'high' stands again disappeared after the second fertilization event at similar rates (P = 0.88). Foliar %N and N content of the low-fertilized stands did not differ significantly between the first and the second fertilization (178 kg N ha À1 ), measured 1 year after each event (P = 0.84). The controls likewise remained the same between these two sample times (P = 0.91).
Stemwood %N increased significantly from the innermost triad #1 to the outermost triad #6 in all treatments (P < 0.001; Figure 2) . However, the trends were not significantly different among treatments (P = 0.938). The N concentrations of the triads were similar (P = 0.90) except for the outermost rings; these were significantly higher in %N than the older rings regardless of treatment (P < 0.05). Averaged across all treatments, %N increased from 0.04% in the triad closest to the pith to 0.089% in the outermost triad.
Nitrogen fertilization significantly enriched stemwood d 15 N by % 2 & and 1& at the high and low fertilization rates, respectively (P < 0.001; Figure 3 ). The interaction between ring triad and treatment occurred when triads before fertilization were included in the analysis (P < 0.038), but was not significant when only the annual rings produced after the first treatment were analyzed (P = 0.112). The d N in the control (unfertilized) stands did not change over the 18 annual rings measured in this study except for about 1& depletion from triad #5 to the most current triad. This depletion in the most current rings was also evident in the high-and low-fertilized stands such that they both returned to prefertilization levels (d 15 N) by the end of the study (Figure 3) . Over the entire tree-ring series, the mean d
15
N-values in stemwood of the stands receiving the highest level of N fertilizer ranged from slightly < 1.0& to as much as 3.0&; this range was twice that of stemwood d
C (regardless of treatment).
Despite the pronounced differences in d 15 N, N fertilization had no effect on stemwood d 13 C relative to the unfertilized stands (P = 0.765; Figure 4) . Likewise, no significant interaction occurred between treatment and triad in this analysis (P = 0.995). Stemwood d 13 C of both fertilized and unfertilized tree rings did, however, follow a distinct, similar and significant pattern over the 18 years measured in this study (P < 0.001). All treatments decreased in mean d (Poulson et al. 1995) , six Quercus rubra trees (about À0.5 to +3.0& over five decades) in Ontario, Canada (Bukata and Kyser 2005) , three Pinus densiflora Sieb. et Zucc. ($ À0.6 to +4.2& over six decades) in eastern Korea (Choi et al. 2005b ) and two unlabeled Pinus ponderosa (% À2.0 to +0.8& over 15 years) in a 15 N tracer study in the Sierra Nevada Mountains of California (Hart and Classen 2003) . Moreover, the fertilizer-induced enrichment in 15 N measured here concurs with many that find similar increases in d 15 N in both foliage (Ho¨gberg et al. 1992, Johannisson and Ho¨gberg 1994) and stemwood (Pen˜uelas and Estiarte 1997, Elhani et al. 2005) following N additions. Thus, taken together it appears that stemwood d 15 N can provide a reliable signal (1991) (1992) (1993) (1994) and triad #1 represents the innermost rings (1976) (1977) (1978) (1979) . Nitrogen fertilizer (urea) was first applied at 357 kg ha À1 (high) and 178 kg ha À1 (low) in 1981 or 1982 (triad #2), and then another pulse in 1987 or 1988 (triad #4) at 178 kg N ha À1 to both high and low stands. Single asterisks (triads #4 and #5) denote significant differences among treatments at P < 0.05. of past N fertilization. We show here that this signal can be detected across an entire geographic region.
There are several confounding factors when interpreting isotopic differences between plants found in natural environments (Saurer et al. 1997 , Robinson 2001 . We minimized these effects by comparing the fertilized stands paired to adjacent (< 100 m) unfertilized control within even-age, mature and mono-culture forests. For example, although the isotopic composition of the atmosphere and the evaporative demand may have changed over the 18 years represented in this study, the relative effect of such changes would have been similar (and thus accounted for) between the treated and control stands at each site, both in the experimental design and in the accompanying analysis. However, it is impossible to attribute the post-fertilization N abundance increased with increasing rates of fertilization (Ho¨gberg 1990, Johannisson and Ho¨gberg 1994) . This effect was greatest on sites treated with urea, which they attributed to the volatilization of NH 3 and increased nitrification (Ho¨gberg et al. 1992 ). The process of N volatilization discriminates against 15 N at 40-60& (Robinson, 2001) , which is one of the strongest discrimination factors known for an ecologically relevant process. This discrimination enriches the residual fertilizer d 15 N as the lighter ammonia is preferentially lost to the atmosphere. This is especially true when urea is broadcast onto alkaline soils under warm, dry conditions (Mulvaney and Bremner 1981, Foth and Ellis 2000) . For example, a 300 kg ha À1 application of urea-N in a boreal forest was shown to volatilize > 30% of the N (Morrison and Foster 1977) , while losses exceeding 40% were measured within weeks of urea-N fertilization on soils extracted (in vitro) from Douglas-fir forests (Watkins et al. 1972) . More recent studies report losses of 14% from a pelleted 200 kg urea-N ha À1 application to a 40-year-old Douglas-fir ecosystem (Nason et al. 1988 ) and a loss of 48% of the applied N after 10 days on an alfisol (in vitro) (Reddy and Sharma 2000) . In this study, large doses of granular urea were broadcast during the late summer (warm and dry) months (T. Shaw, personal communication) to circumneutral soils supporting stands with negligible understory -all conditions that would favor N volatilization. We briefly note that the putative volatilization-induced enrichment could have been reinforced by other discrimination processes. First among these, and perhaps most prominent in current literature on this subject, is fertilization-enhanced turnover (i.e., priming) of the mineralization of large, slow N pools enriched in 15 N. Nitrogen additions can lower the soil carbon to nitrogen (C:N) ratio, which can lead to increased bioavailable N, higher rates of microbial turnover (Mariotti et al. 1982) and increased 15 N of actively cycling N (Nadelhoffer and Fry 1994) . For example, an empirical study of a pollution gradient in southern California found increased N deposition to lower soil and vegetation C:N, increase the cycling of exchangeable pools of soil and litter N, and subsequently enrich the soil (+3.8&) and foliar d 15 N (+1.7&) (Korontzi et al. 2000) . Although the significant increase in foliar [N] following the fertilization measured in this study supports this compounding effect (Table 4) , isotopic measures of soil, urea fertilizer and possibly available N pools are needed to quantitatively test this hypothesis.
A second process that might have reinforced the fertilizer-induced enrichment is denitrification, the conversion (1991) (1992) (1993) (1994) and triad #1 represents the innermost rings (1976) (1977) (1978) (1979) (Robinson 2001 ). Although we have no measurements of this process, it is worth noting that denitrification is relatively uncommon in the most well-drained mountain soils of the Pacific northwest (Vermes and Myrold 1992) .
Nitrogen retranslocation
Fertilization did not appear to alter stemwood %N; however, the absolute values of stemwood %N were within the range of similar studies (Madgwick and Frederick 1988 , Poulson et al. 1995 , Bukata and Kyser 2005 . Also consistent with other studies, the outermost rings contained the highest nitrogen concentrations, presumably to meet the demand of the metabolically active cambium (Mead and Preston 1994 , Colin-Belgrand et al. 1996 , Bukata and Kyser 2005 . These results support the noted difficulty of using stemwood N concentration as a sole indicator of N response to fertilization (Poulson et al. 1995, Sheppard and Thompson 2000) .
The persistence of the stemwood d
15
N signal in rings produced a decade after the initial fertilization event confirms a substantial translocation of the labeled N across the sapwood of these trees (Figure 3) . These results agree with those of many studies that measured a high mobility of N and 15 N within the annual rings of trees (Cotrufo 1982 , Elhani et al. 2003 , Hart and Classen 2003 , Choi et al. 2005b , especially as stemwood senesces (Mead and Preston 1994) . Elhani et al. (2005) concluded that a portion of a fertilizer-enriched 15 N signal translocated into rings formed before a fertilization event. Although we were unable to detect statistically significant differences in the wood produced before fertilization, we speculate that the fertilized 15 N enrichment may become a permanent legacy in the rings produced after fertilization as the cells in those rings die and the wood is converted to heartwood.
Stemwood d
C response to fertilization
We hypothesized that N fertilization would enrich stemwood d 13 C relative to the unfertilized stands. We theorized that without a concomitant increase in g c , A would increase with N fertilization. This effect would reduce canopy-integrated C i and discrimination against 13 C, especially in the water-limited environment of the Intermountain West (Chandler and Dale 1995 , Livingston et al. 1999 , Choi et al. 2005a ). However, contrary to our hypothesis, we detected no difference in stemwood d
13
C between treatments throughout the geographical extent captured in this study (Figure 4) , and despite significant increases in foliar %N 1 year after each fertilization event. The analyses were conducted on three-ring triads, which may have masked any short-term response to fertilization. Further masking may have resulted from the inclusion of both earlywood and latewood in the sample (Livingston and Spittlehouse 1996 , Marshall and Monserud 1996 , Ares et al. 2008 .
This lack of d
C response adds to a growing body of evidence that highlights the homeostatic gas-exchange response of fertilized trees. In an experiment examining five locations in New Zealand and Australia, Korol et al. (1999) tested the effects of water and nutrient availability (via fertilization) on C isotope discrimination in Pinus radiata D. Don. Although fertilization changed the foliage structure and increased the leaf [N], they found no consistent effect of fertilizer alone on stemwood d 13 C and only a slight interaction between water and nutrients. Likewise, leaf-level d 13 C did not differ between fertilized and unfertilized 25-year-old P. menziesii growing in Washington, USA (Mitchell and Hinckley 1993) . Finally, in a series of experiments examining the increased N deposition on the d 13 C of P. abies and Pinus sylvestris L., N fertilization was shown to only slightly affect the foliar d 13 C during the driest years and was subsequently discounted as an influencing factor on photosynthesis (Ho¨gberg et al. 1993) . Although the strong coherence we measured in d
C among treatments appears counterintuitive, it may suggest a common homeostatic mechanism controlling gas exchange across these stands (Marshall and Monserud 1996) .
As trees are not passive recorders of environmental change, the lack of response in stemwood d 13 C to N fertilization may suggest a tight coupling between photosynthetic capacity and stomatal conductance such that the fertilization did not alter the ratio of canopy-level A/g c over the period measured in this study (Sheriff et al. 1986, Marshall and Monserud 1996) . The low LAI, rough canopy structure and narrow leaves of these canopies lead us to suggest that they are tightly coupled to C a (Jarvis and McNaughton 1986) . We therefore speculate that g s may have changed in parallel with A to maintain a constant C i within the fertilized canopies (Schulze and Hall 1982) and, thus, a similar canopy-integrated d 13 C among treatments. This hypothesis is not new, but supported by both experimental and empirical evidence (Francey and Farquhar 1982 , Grieu et al. 1988 , Woodward and Bazzaz 1988 , Masle et al. 1990 ). In a pioneering experiment, a photosynthetic inhibitor and changes in irradiance, nutrition and water availability were used to elucidate the proportional relationship between g c and A such that C i remained constant (Wong et al. 1979) . Indeed, this tight coupling between A and g c has been used to explain the effect of N fertilization on P. radiata (Sheriff et al. 1986 ), Fagus sylvatica growing in the Swiss Central Plateau (Saurer et al. 1997) , as well as on open-grown P. menziesii in western Washington (Mitchell and Hinckley 1993) . Thus, C i may constitute a homeostatic parameter, at least at the canopy scale, relative to the changes in N status of Douglas-fir forests throughout this region. Coupling these isotopic measures with canopy gas exchange would test this hypothesis.
These results must be reconciled with the morphological and production changes observed in forests receiving N fertilization. Many experiments have measured increased aboveground production (Albaugh et al. 1998 ) and decreased C allocation belowground when comparing forests of differing nutrient statuses (Keyes and Grier 1981, Haynes and Gower 1995) . Sampling the same 72 stands analyzed in this study, Balster and Marshall (2000) also measured significant increases in mean LAI and stemwood production some 8 years after the second fertilization event.
In that study, we concluded that the dominant response of N fertilization was a long-term increase in the efficiency by which the intercepted light was converted to stemwood volume production. A later study on a similarly fertilized IFTNC Douglas-fir stand measured a reduced total belowground C allocation (TBCA) 8 years after fertilization (McDowell et al. 2001) . These results lead us to suggest that the observed growth response to fertilization was not induced by more efficient use of a finite water supply, but was caused by the increases in light capture and aboveground allocation (Coyle et al. 2008 ).
In conclusion, the combination of previous findings and results from this dual-isotope study have opened new perspectives into the long-term effects of N fertilization on the production and physiology of mature conifer forests. N even across the water-limited environment of the Intermountain West. Thus, previous reports of accelerated volume production, increased LAI and decreased TBCA with N fertilization point toward alternative mechanisms, as opposed to shifts in canopy gas exchange, to explain the observed growth response. 
